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RADIATIVE DOUBLE ELECTRON CAPTURE (RDEC) BY FULLY-STRIPPED
FLUORINE IONS IN COLLISIONS WITH NITROGEN
Nuwan Sisira Kumara, Ph.D.
Western Michigan University, 2018

Radiative double electron capture (RDEC) by highly-stripped ions in collisions with
atomic targets is a fundamental process that can be used to study electron-electron correlation,
the interaction between two electrons, in the vicinity of the Coulomb field of a bare ion. In this
process two electrons from the target are captured to bound states of the projectile with the
simultaneous emission of a single photon. RDEC is closely related to the well-known one-step
atomic process of radiative electron capture (REC), in which a target electron is captured to the
projectile and a photon is simultaneously emitted. REC and RDEC can be considered as the
inverse processes of single and double photoionization, respectively, when the binding energy of
the captured electron in the target is small compared to the kinetic energy of the electron
measured in the projectile reference frame.
RDEC was first observed for fully-stripped oxygen ions in collisions with a thin-foil
carbon target. The cross sections found for RDEC in that work were about an order of magnitude
greater than the values expected from recent theoretical predictions. Investigation of RDEC for
solid targets is complicated due to multiple collisions inside the foil, which often yields detection
of a charge-changed projectile ion different from the one involved in the RDEC process.
In this study, RDEC for fully-stripped fluorine ions (F9+) in collisions with a molecular
nitrogen gas target is investigated and compared with the previous experimental measurements
for the foil target and with theoretical predictions. The gas target enables studying the process
2

under single collision conditions. Also, gas targets are contaminant free compared to the solid
target. RDEC for one-electron F8+ ions is also investigated and compared with the results for the
fully-stripped ions. The REC data obtained in this work are analyzed and compared with theory
and subsequently used to obtain the RDEC to REC cross section ratios for comparison with
theory.
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CHAPTER
CHAPTER1I I

INTRODUCTION
INTRODUCTION

Collisions of ions with atoms and molecules are used as an important technique in
physics to understand the structure and dynamics of matter. Studies of radiation, especially x
rays, coming out of such collisions are crucial in modeling atomic structures and in determining
the rules (such as selection rules [1]) governing electronic transitions. Various reactions observed
in interstellar space and active galactic nuclei [2,3] such as photo absorption and electron
recombination, which are significant in astrophysics, can be addressed with atomic collision data
obtained in experimental laboratories.
One of the well-known atomic processes, the photoelectric effect, was first observed by
Heinrich Hertz [4] in 1887. The photoelectric effect can be considered as a special case of the
more general process called photoionization in which an incident photon dislodges an electron
from a target atom, known as a photoelectron. Albert Einstein explained the theory [5] of this
phenomenon by analyzing the energies of electrons ejected due to shining light of various
wavelengths on the matter involved, an explanation for which he obtained the Nobel prize in
1921. Experimental and theoretical works on photoionization [6,7,8,9] have been conducted
extensively to discover and explain the interaction between matter and radiation with the
establishment of the photoelectric effect theory.
The simplest photoionization process occurs when only one electron is emitted from a
target atom by absorbing a single photon and this phenomenon has been studied for both neutral
1

and ionic targets. Although a photon can interact with only one electron in the presence of a
weak field, several emitted electrons due to a single photon have been observed during photonatom collisions. This multi-photoionization phenomenon (apart from Auger electron emission) is
only possible through electron correlation taking place in an atom.
Double photoionization, in which two electrons are emitted by a single incident photon,
is the simplest process among multi-photoionization processes [10,11,12,13]. In general, the
study of pure electron correlation yielding emission of two electrons in double photoionization
for an atom with more than two electrons is difficult due to the complicated interactions with the
other electrons of the atom. Radiative electron capture can instead be studied, in which a photon
is emitted upon the capture of an electron to the projectile from a target. This process can be
considered as the time reverse process of photoionization. Radiative electron capture has been
studied for initially fully-stripped ions, so that the complexity due to neighboring electrons is
eliminated. The principle of detailed balance [14] allows the same information to be deduced,
such as the photoionization cross section, if the corresponding value of the relevant radiative
electron capture is known. Therefore, study of the radiative electron capture process instead of
photoionization can be simpler for some ions to obtain the same information. REC has been
studied [15,16] extensively over the past 40 years both experimentally and theoretically and is
well established.
The possibility of the capture of two electrons instead of one accompanied by the
emission of a single photon as a one-step process was first proposed theoretically by Miraglia
and Gravielle [17] at the XVth International Conference on Photonic, Electronic and Atomic
Collisions (ICPEAC) held in Brighton, England in 1987, with the process named radiative
double electron capture (RDEC). This process can be considered as the time reversal of double
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photoionization especially when two quasi-free electrons are captured to a fast projectile from
the target. RDEC promises to be an ideal way to study electron correlation if the electrons are
captured to a fully stripped ion, since the correlation of the two captured ions is not influenced by
the neighboring electrons. Only a few experiments [18,19,20,21,22] have been conducted since
1995 to obtain evidence for RDEC for both solid and gas targets. The first successful
measurement was reported in 2010 [20] for collisions of 2.38 MeV/u O8+ on a thin carbon foil
done at Western Michigan University. These experiments and their results are discussed in
Chapter 2. RDEC has been treated theoretically [23,24,25,26,27,28,29] to a considerable extent
based on the experimental results.
The work described in this dissertation focuses on efforts to observe RDEC for gas
targets. The first preliminary observation was published [30] in 2017 for collisions of ~ 40 MeV
F9+ incident on an N2 target.
This dissertation begins with an introduction to the basic concept of RDEC and the
important atomic processes related to it. In Chapter 2, the history of the experimental attempts to
investigate RDEC and theoretical approaches are discussed briefly. The kinematics of REC and
RDEC are addressed in Chapter 3 with an explanation of the available theories for REC and
RDEC cross sections. Additionally, the possible processes that produce background x rays in the
region of interests are also discussed. Chapter 4 discusses the experimental setup used, including
a brief explanation of the tandem van de Graaff accelerator used to produce the beam particles.
The coincidence technique used for data collection and the electronic setup are also described.
Chapter 5 is dedicated to the data collected during the experiment and the analysis of it. Data for
F9+ and F8+ projectiles were taken using two different Si(Li) x-ray detectors at different times and
these detectors had different crystal sizes. The experimentally obtained RDEC cross sections are

3

compared with the theoretically predicted values in references [23,25,26,29]. Chapter 6 is a brief
conclusion of the results obtained in this dissertation work.
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CHAPTER
CHAPTER2IIII

AN OVERVIEW
OVERVIEW OF
OF THE
THE HISTORY
HISTORY OF
OF RDEC
RDEC
AN

Just five previous experimental measurements of RDEC [18,19,20,21,22] have been
reported since 1995. The experiments have been done for different projectile-target collision
systems with widely varying nonrelativistic and relativistic energies. This chapter discusses these
five experiments and the theoretical calculations made following the experiments.
The first experimental work [18] on RDEC was done at the Gesellschaft für
Schwerionenforschung (GSI) accelerator facility in Darmstadt, Germany in 1995, about eight
years after the phenomenon was suggested by Miraglia and Gravielle [17]. A beam of fully–
stripped Ar nuclei (Ar18+) of energy 11.4 MeV/u obtained from the UNILAC (Universal Linear
Accelerator) was allowed to collide with thin (4-10 g/cm2) carbon foils in this experiment. The
measurements did not show evidence for RDEC due to the large background as can be seen in
the x-ray spectrum associated with double charge exchange shown in Figure 2.1. This
background was attributed to the high-energy tail of the REC peak and to secondary electron
bremsstrahlung that occurs due to the scattering of ejected target electrons in the Coulomb field
of other target nuclei. Possible x-ray events in the region of interest due to pileup effects,
occurring when x-ray signals from separate events strike the detector at the same time with their
energies adding up, were avoided using two methods. First, a sheet of stainless steel (~50 m

5

thick) was inserted between the detector and the target as an x-ray absorber, and second, a fast
electronic pileup rejection module was used in the electronics.

Figure 2.1. X-ray spectrum associated with double charge exchange for 11.4 MeV/u Ar18+ + C
collisions. REC and RDEC regions are indicated by the bars. (from [18])

Since no evidence for RDEC was observed, an upper limit for the RDEC cross section
(equal to about 5.2 mb = 5.2 x 10-27 cm2) was estimated based on the number of counts in the
RDEC region of the spectrum obtained by subtracting the background spectrum from the
spectrum of total events seen.
Following this first experimental attempt, Yakhontov and Amusia [23,24] conducted
theoretical work to calculate RDEC cross sections, utilizing the principle of detailed balance
assuming that the captured target electrons are quasi-free (having negligible binding energies
compared to the kinetic energies of the captured electrons).
This condition is particularly true for the relatively fast moving projectile and light target
system and the experiment, 11.4 MeV/u Ar18+ + C [18]. The calculated value of the RDEC/REC
cross section ratio was found to be 3.6 x 10-6 and happened to be in fair agreement with the
experimentally observed value of 3.1 x 10-6.

6

Another theoretical calculation was reported by Voitkiv et al. [27] regarding the same
experiment. Three different models, (1) the first Born approximation, (2) the continuumdistorted-wave and (3) the impulse approximation, were used to treat the RDEC process. The
calculated cross sections were extremely model sensitive and yielded cross sections for RDEC
that differed by four orders of magnitude.
Another experiment was done at GSI using the experimental storage ring (ESR) to study
RDEC for relativistic 297 MeV/u U92+ ions in collisions with an Ar gas-jet target [19]. No peak
structure was seen in the RDEC region of the x-ray spectrum associated with double electron
capture as can be seen in the Figure 2.2. Hence, the evidence for RDEC could not be identified.
Limited beam line time led to poor statistics for the experiment and only an upper limit
(below 10 mb = 1.0 x 10-26 cm2 ) for the RDEC was obtained. According to more recent
theoretical calculations [25], the calculated RDEC cross section is much smaller for projectiles
with higher atomic number (Z) and higher energy. These calculations thus suggest low-energy
mid-Z (Z  35) projectiles [25] for observing RDEC would likely be better.

7

Figure 2.2. X-ray spectrum associated with double electron capture for relativistic 297 MeV/u
U92+ ions colliding with an Ar gas-jet target. (from Ref. [19])
The first successful measurement for RDEC was reported in 2010 for 2.38 MeV/u O8+ in
collisions with a thin foil (~ 10 g/ cm2) carbon target. This work was done at the tandem Van de
Graaff accelerator facility at Western Michigan University (WMU), the same facility used for the
present work. The collision system was chosen in accordance with the theoretical suggestion
mentioned above, i.e., low-energy mid-Z (Z  35) systems [25], that provides more optimum
conditions for the observation of RDEC. The x-ray spectra obtained with double and single
charge exchange are shown in Figure 2.3. An isolated peak structure in the x-ray spectrum
associated with double capture shown in panel (a) in the energy range corresponding to RDEC
was found. The total RDEC cross section obtained in this experiment (5.5 b/atom) was about an
order of magnitude greater than the values expected from theoretical predictions [24,25,26]. An
analysis was done for the target carbon foil with incident protons to assure that there were no
impurities that could give rise to x rays in the RDEC region of interest.
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Figure 2.3. X rays registered for O8+ + C in coincidence with ions for (a) two electrons or (b)
one electron transferred in the final state. The solid line in (b) is the sum of the REC Compton
profile and a Gaussian fit to the O K line. (from Ref. [20])

A follow-up experiment at the WMU accelerator facility was done to investigate RDEC
for 2.21 MeV/u F9+ in collisions with a thin carbon foil [21,31]. X-ray events were observed in
the RDEC energy window for this collision system too, but analysis of the carbon foil with
incident protons revealed the target to be contaminated with Si, S, K and Ca in the regions where
x rays due to both REC and RDEC are expected. Therefore, it was difficult to extract the correct
number of counts due to RDEC and to subsequently deduce an accurate cross section for RDEC
based on this experiment. The cross section calculated using the best estimate for the number of
counts in the RDEC region, obtained after subtraction of the events due to the contaminants, was
9.1 b/atom and this is about 1.5 times greater than the cross section found for O8+ + C system.
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The observation of RDEC for O8+ + C done at WMU and the theoretical suggestion of
using low energy, mid-Z collision systems triggered a new experimental effort to measure RDEC
using the ESR at GSI, Darmstadt [22].
This experiment attempted to observe RDEC for 30 MeV/u Cr24+ in collisions with
helium and nitrogen gas targets. No x-ray events were observed in the RDEC region of the x-ray
spectrum associated with the double electron capture, as can be seen in the inset of the Figure
2.4.

Figure 2.4. Total x-ray spectrum for 30 MeV/u Cr24+ ions colliding with a nitrogen gas-jet
target. The inset shows the x rays associated with double charge exchange. (from Ref. [22])

The most recent theoretical attempt has been made by Mistonova and Andreev [29] using
the line-profile approach in QED (quantum electrodynamics) to calculate the RDEC cross
sections for the projectile-target systems used in the five experiments discussed above. Two
models were used in this calculation, (1) an A-model that considers all the electrons equally in
the target atom assuming a homogeneous distribution throughout the atom, and (2) a K-model
that considers only the two electrons in the K-shell, but also assuming a homogenous electron
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distribution. The experimental values obtained in the carbon foil experiments [20,21] are about
an order of magnitude greater than the values calculated using the A-model.
In summary, three experiments [18,19,22] done at the GSI facility did not show
experimental evidence for RDEC. On the other hand, the two experiments [20,21] done at the
WMU accelerator facility for both O8+ and F9+ projectiles showed the existence of RDEC. The
target was somewhat contaminated for the F9+ measurements and the RDEC x-ray events were
(partially) obtained after subtracting those due to contaminants. One of the noticeable differences
between these two sets of experiments is that the experiments at GSI used significantly higher
projectile energies (per nucleon) compared to the energies used in the experiments at WMU. In
addition, lower Z projectiles were used in the experiments done at WMU.
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3.1

Introduction
In atomic collision experiments many processes can take place in addition to the one in

which we are interested. The results produced by these other processes can interfere with the one
of interest. For example, a typical x-ray spectrum produced in the present experiment consists of
events due to different kinds of atomic processes in addition to the RDEC x rays of interest.
These x rays consist mainly of characteristic decays and photons due to radiative electron
capture. Therefore, the theory of such related processes must also be considered. In this chapter,
the theory of RDEC as well as those of other atomic processes related to the collision system will
be discussed.
REC is the most relevant atomic process to RDEC, which can be considered as an
extended version of the same type of process. REC has been studied for several decades and is
well understood. The kinematics of REC are important to the understanding of RDEC and
therefore will be discussed here.

3.2

Radiative Electron Capture (REC)
A complex emission band in the x-ray spectrum obtained during heavy ion atom collision

was observed in the early 1970s. This band showed up at x-ray energies above the highest
characteristic x-ray peak of the projectile ion and was much broader compared to the
12

characteristic x-ray lines. The atomic process attributed to this observation was radiative electron
capture (REC) [32,33,34]. REC is an electron capture process in ion-atom collisions and has
been studied theoretically [32,35,36,37,38,39] and experimentally [40,41,42,43,44,45] for about
five decades. The experiments for investigation of REC in the relativistic regime
[46,47,48,49,50] began in the 1980s with the availability of the technology to produce high
energy projectiles.
In the REC process a highly-stripped ion can capture a bound target electron directly into
a K-shell (or L-shell) vacancy with the simultaneous emission of an x-ray photon as illustrated in
Figure 3.1.

Figure 3.1. Energy diagram illustrating the capture a K-shell electron from a target atom to the K
shell of the projectile with emission of a photon having energy
. In general, any electron of
the target can be captured to any bound state of the projectile in the REC process.

An expression for the energy of the emitted photon (EREC) for non-relativistic collisions
can be derived by considering the conservation of energy of the collision in the projectile
reference frame. Figure 3.2 shows the momenta and the potential energies of the electron before
and after the capture to the projectile.
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Figure 3.2. Momenta (
,
) and the Coulomb potential energies ( ,
) of the electron
before and after capture to the projectile. The REC photon emitted during the process is also
shown.

In the diagram,

and

are the intrinsic momenta (as seen by the target and projectile

nuclei) due to the orbital motion of the electron when it is in the target and the projectile,
respectively. In addition to the intrinsic momentum

, the target electron has momentum

as

seen from the rest frame of the projectile that is due to the motion of the projectile in the lab
frame.

and

represent the Coulomb potential energies of the electron at the target and the

projectile.
The total initial energy

of the electron as seen from projectile frame can be written as,
(3.1)

=

This can be simplified and rearranged to obtain,
(3.2)

where,

is the kinetic energy of the electron measured from the projectile frame due to

the translational motion, which can be calculated from
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, where

is the energy of

the projectile measured in lab frame. Also,
in the target, and

is the binding energy of the electron

is the velocity of the projectile. Then, the total final energy is given by,
(3.3)

where

is the binding energy of the electron in the projectile and

is the energy

of the emitted photon during the radiative capture.
Conservation of energy requires that

and hence the energy of the emitted photon

can be written as,
(3.4)

where the binding energies

and

have negative values by convention.

In general, any electron from the target can be captured to any bound state of the
projectile. Therefore, for a given collision system,
on the transition. On the other hand

and

can have different values depending

is constant for a given projectile energy. The

,

and

values are constant and the peak positions of the energy for a specific electron transition in
the process can be calculated from
(3.5)

The term

in the REC energy expression determines the width of the REC peak for

each transition. This term is expressed as the product of the magnitude of the projectile velocity
and the projection of the intrinsic momentum of the target atom
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in the direction of the

projectile motion. Therefore, the width of the REC peak depends on the distribution of

, which

can be calculated using the Compton profile.
The well known atomic process, radiative recombination (RR), is closely related to REC.
For RR, a free electron with kinetic energy

is captured to the projectile ion by emitting a

photon having energy as illustrated in Figure 3.3. Therefore RR is the exact time reverse process
of single photoionization (PI). Using the conservation of energy the emitted photon carries an
energy,
(3.6)

where

is the binding energy of the electron after being captured to the projectile bound state.

Figure 3.3. Energy diagrams for the photoionization of an electron in the K-shell of an atom and
radiative recombination of a free electron having kinetic energy . RR can be can be considered
as the time inverse process of photoionization.
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In the case of REC for high energy collisions, especially in relativistic collisions, the
bound target electrons can be considered as free. Then REC can be viewed as radiative
recombination (RR) and can be considered as the time reversed process of photoionization.

3.2.1 Compton Profile
The width of the REC peak depends on the Compton profile which is defined as
[51],

(3.7)

where

is the Fourier transform of the spatial wavefunction of the electron with

momentum p. The normalization condition on the electron radial density,
requires the

to satisfy the condition,

(3.8)

The Compton profile for the electrons in atomic nitrogen is plotted using the data given
by Biggs [51] and shown in Figure 3.4.
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Figure 3.4. Compton profiles for the electrons in atomic nitrogen. The electrons in each state
have a different momentum distributions and therefore different shapes in the Compton profiles.

The tightly bound electrons (1s) have a broader Compton profile compared to the more
weakly bound electrons such as the 2p electrons. In addition, the Compton profile becomes
broader with the atomic number Z of the element.
With these calculated values we can predict the shape of the REC peak. On the other
hand, by examining the measured peak, one can determine the Compton profile experimentally
and hence the momentum distribution of the electron. Hence, this is a good way to measure the
electron momentum distribution.

3.3

Kinematics of RDEC
In the RDEC process two electrons are captured from a target atom to the bound state of

the projectile ion with simultaneous emission of a photon as shown in the energy diagram Figure
3.5. This can be considered as the time inverse process of double photoionization if two quasi-
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free electrons (electrons having small binding energies compared to the kinetic energy of the fast
moving projectile) are captured to a fast moving projectile ion.

Figure 3.5. Energy diagram showing the capture of two valence electrons from a target atom to
the K shell of the projectile with emission of a photon. In general, any two target electrons can be
captured to any two bound states of the projectile in the RDEC process.

Similar to the REC process, an expression for the energy of the emitted photon can be
derived considering the conservation of energy and the final expression can be written as,

(3.9)

Here,

is the kinetic energy of each electron before the capture as seen from the

projectile reference frame with both electrons having the same amount of kinetic energy.
and

are the initial binding energies of the two electrons in the target atom, and

and

are the binding energies when they are in the projectile bound states after capture (these
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binding energies are considered as negative).

and

are the intrinsic momenta of each

electron due to its orbital motion around the target nucleus.
The RDEC peak positions corresponding to each possible transition can be calculated
using,
(3.10)

The width of a certain peak is determined by the sum of the Compton profiles of the two
captured electrons. In general, any two target electrons can be captured to any bound states of the
projectile with each possible transition emitting a photon of different energy. The highest
possible energy of the RDEC photon corresponds to the capture of two valence electrons of the
target to the projectile K shell. The REC and RDEC peak energies calculated for the current
experiment (2.1 MeV/u F9+ + N2) are given in Table 3.1. The two transitions, VK  KL and VK
 KK transitions are not expected to contribute much compared to the other RDEC transitions
listed in the table. This is due to the small electron correlation between target electrons in two
different levels (K and V) compared to two electrons in the same energy level (KK or VV). This
fact was confirmed [52] in the 2.38 MeV/u O8+ + C experiment since no events were observed
for the VK  KL and VK  KK transitions.
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Table 3.1. The calculated peak positions of REC and RDEC lines for 2.1 MeV/u F9+ + N2
collision system.
Transition
Peak Energy (keV)
REC
0.96
KL
1.37
VL
1.85
KK
2.25
VK
RDEC
2.81
KK  KL
3.16
VK  KL
3.55
KK  KK
3.62
VV  KL
3.91
VK  KK
4.31
VV  KK

3.4

REC and RDEC Cross Sections

3.4.1 REC Cross Section
Using the principle of detailed balance, the REC cross section, when a loosely bound
electron is captured, can be written in terms of the photoionization cross section,

, [18]

as
(3.11)

where

is the atomic number of the target,

is the photon energy of single photoionization,

m is rest mass of the electron, c and  are the speed of light and the Lorentz factor, respectively,
where 

with

.

Equation 3.11 gives the REC cross sections when loosely bound (quasi-free) electrons are
captured. In the dipole regime, the REC cross section for the capture of tightly, as well as
loosely, bound electrons to the K-shell, for nonrelativistic collisions, can be expressed as
[53,54,25,26],
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(3.12)
where,

, with

and

being the fine structure constant and the Bohr radius. The

is a universal function of the dimensionless variable , and is given as,

(3.13)

The dimensionless variable

is known as the Sommerfeld parameter (or Coulomb

parameter) [26] which expresses the ratio between average momentum of the K-shell electron at
the projectile after being captured,

, and the momentum of the captured target electron

relative to the projectile ion,

. The momentum

is given by

, where

is the fine structure constant and therefore,
(3.14)

Using equation (3.14) one can determine the Sommerfeld parameter,
collision system and then the quantity
cross section

, for a given

in equation (3.13) can be determined. Hence, the

can be calculated using equation (3.12).

3.4.2 RDEC Cross Section
Since RDEC can be considered as the time reverse process of double
photoionization, the cross section for RDEC can be written in terms of it,

, [18] as
(3.15)
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where

is photon energy for double photoionization, and

single photoionization photon energy (

, in comparison with the

) in equation (3.11). The constant

depends on the

energy distribution and the angular distribution of the two photoelectrons such that it is unity
when the two photoelectrons share the absorbed photon energy equally, otherwise

< 1, [18].

KK-RDEC and KL-RDEC cross sections,
Mikhailov et al. [25], and Nefiodov et al. [26], have obtained expressions for the cross
sections for KK-RDEC and KL-RDEC, respectively, which are given by,
(3.16)

(3.17)

Here,

denotes a dimensionless normalization volume, which is equal to

K-shell electrons. The quantities

, and

for

are universal functions given by the graphs

shown in Figure 3.6 as a function of the Sommerfeld parameter . One can calculate the KKRDEC and KL-RDEC cross sections using the equations (3.16) and (3.17) with the values
and

obtained from the graphs in the Figure 3.6 , for the

system.
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associated with the collision

Figure 3.6. The graphs of the universal functions
[25] and [26], respectively).

and

as functions of . (from Refs.

3.4.3 Cross Section Ratios
In the case of photoionization experiments, investigation of the energy dependence of the
double-to-single photoionization cross sections has been considered [55,56]. Similarly,
investigation of the cross section ratio RDEC/REC is of interest [18]. Theoretical expressions for
this cross section ratio can be obtained using the principle of detailed balance as well as the other
different theoretical approaches [23,24,25,26].
An expression for the RDEC/REC cross sections ratio based on the principle of detailed
balance can be written using the equations (3.11) and (3.15) as,
(3.18)

The value

describes the phase space fraction accessible to RDEC. The energy of

the RDEC photon has about the twice of energy as REC, (
24

). For example, the energy

of RDEC when two valence electrons of the target are captured to the K shell of the projectile is
about as twice that for REC when a valence electron goes to the projectile K shell. For this type
of transition, equation (3.18) can be simplified to

(3.19)

(3.20)

The ratio between double to single photoionization cross sections for a given photon
energy tends to become a constant for higher photon energies and can be expressed as [8],
(3.21)

where

is the atomic number of the projectile.
Therefore,
(3.22)

One can use equation (3.22) to calculate the
tabulated values of the ratios

/

fraction with the

that can be obtained from Ref. [57].

The cross section ratio in equation (3.22), obtained using the principle of detailed
balance, was tested with the first experiment [18] dedicated to REDC. This experiment did not
show strong evidence for RDEC. The experimental cross section ratio obtained using the upper
bound for the RDEC cross section was an order of magnitude smaller than the value predicted by
the principle of detailed balance.
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Following the first attempt to measure RDEC experimentally [18], Yakhotov and Amusia
[23,24] calculated the RDEC cross section analytically by means of the Coulomb Green function
for the non-relativistic regime. According to this theory, the cross section ratio is inversely
proportional to the

, and the

dependence of the ratio (theoretical graph) is shown in the

Figure 3.7 along with the experimental value. The calculated ratio is in good agreement with the
one obtained by Warczak et al. [18] using the upper bound of the RDEC cross section for the
11.4 MeV/u Ar18+ + C system.

Figure 3.7. Theoretical prediction of Yakhontov and Amusia [23] for the
ratio. The
-6
calculated value (3.6 x 10 ) is in good agreement with the value obtained by Warczak (3.1 x 10-6)
[18] using the upper bound of RDEC cross section.(from Ref. [23]).

An expression for ratio

has been obtained by Mikhailov et al., using

the expressions for KK-RDEC and K-REC given in equations (3.12) and (3.16).
(3.23)

Also, the cross section ratio

can be written as,
(3.24)
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The values for the ratios,

and

, can be obtained from the graphs in

Figure 3.8, and hence the cross section ratios,
calculated for

and

can be

associated with any target-projectile system including the one we studied (2.11

MeV/u F9+ + N2).

Figure 3.8. The graph ratios,
and
, between the universal functions
,
and
,
, respectively, as a function of Sommerfeld parameter . (from Ref.
[25], [26] respectively).

3.4.4 The Most Recent Theoretical Model for RDEC
Recently, Mistonova and Andreev [28,29] calculated RDEC cross sections employing the
line-profile approach [58] in quantum electrodynamics (QED) for the five experiments
[18,19,20,21,22]. In this work two models were considered to describe the target atom. In the
first model a homogeneous electron density was assumed for the entire target atom and all
electrons were taken into account (A-model). In the second model, only the target K electrons
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were considered (K-model) and a homogeneous electron density was assumed in the K shell. The
ratio of the RDEC cross section evaluated using the two models is given by [29]

where,

3.5

and

are the radii of the target atom and the radius of target K-shell.

Background Processes
X rays due to several background processes can occur in the REC and RDEC regions. In

fast ion-atom collisions, bremsstrahlung is one of the dominant process that produces
background radiation. In general, bremsstrahlung takes place due to the nucleus as well as the
target electrons. When an electron is incident on an atom or an ion, it feels forces from both the
nucleus and the electrons in the target atom. The force exerted by the nucleus is large compared
to the force exerted by the electrons. The effect of the electrons in the target can be considered in
two ways. First, the electrons in the target screen the Coulomb field of the nucleus and as a result
the nucleus-electron (n-e) bremsstrahlung is reduced. Second, the target electrons act as
individual charged particles and produce electron-electron (e-e) bremsstrahlung. The n-e and e-e
bremsstrahlung can be differentiated using coincidence experiments between emitted photons
and outgoing electrons.
In the collision a target electron can be captured to the projectile continuum by emitting
an x ray. This process is referred as radiative electron capture to continuum (RECC), or
sometimes as quasi-free electron bremsstrahlung (QFEB). The maximum kinetic energy of the
electron before captured to the continuum, as seen by the projectile frame, can be written as [59]
(3.25)
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where

is the velocity of the projectile in m/s and

is the projectile energy in eV/u.

are the masses (in kg) of the electron and the projectile, respectively.

and

is the maximum

energy, in the projectile frame, of the photon emitted in the RECC process.
Another significant process that could produce background x rays is secondary electron
bremsstrahlung (SEB). In this process, ejected electrons from the target during the collisions are
scattered in the Coulomb field of the other target nuclei and produce bremsstrahlung x rays. The
maximum energy ((

) of the emitted SEB photon is equal to the maximum energy transfer from

the projectile to the free electron and is given by,
(3.26)

However, this process is less likely to happen for the low pressure gas targets.
3.6

Nonradiative Electron Capture (NREC)
A bound electron in the target can be captured by the projectile ion nonradiatively due to

the Coulomb interaction without emission of a photon. This reaction is dominant when the
projectile velocity

is about the same as the velocity of the target electron

(calculated

classically) with respect to the target nucleus. The general form of the nonradiative electron
capture process can be written as
(3.27)

Here

and

represent the projectile and target atoms, respectively, and

is the initial

charge on the projectile. The total cross section of this process can be calculated using the semiempirical formula given by [60],
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(3.28)

where q is the charge of the projectile and the projectile energy,

3.7

, is measured in keV/u.

Pileup Effect
When more than one photon is incident on the x-ray detector at the same time, the energy

equal to the sum of individual photons is registered in the x-ray detector and the effect is referred
to as the pileup effect. The probability of this effect occurring is directly proportional to the
beam intensity. Hence, pileup is less likely to happen if lower-beam intensities are used instead
of higher-beam intensities. The probability of pileup occurring due to more than two x rays is
extremely small and can be neglected. The possibility of registering x ray events in the RDEC
region due to pileup of two REC photons can be minimized if the REC rate is small enough. The
REC rate for the current experiment is on the order of 3 x 10-3 counts/second and hence the
pileup effect is negligible.
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The experiment was conducted with the use of the Western Michigan University (WMU)
tandem Van de Graaff accelerator facility. Singly-charged negative fluorine ions produced by the
SNICS (Source of Negative Ions by Cesium Sputtering) are accelerated towards the high energy
terminal located at the center of the accelerator tank. These negative ions are then stripped of
some of its electrons and the resulting positive ions are further accelerated as they travel towards
the high energy end of the tank. In this work, we obtained accelerated F7+ ions from the
accelerator and then stripped off the two remaining electrons with a thin carbon foil located after
the analyzing magnet at the end of the accelerator tank.

4.1

SNICS Ion Source
The first step in producing a projectile beam is to produce negative ions of the particles

using an ion source. The WMU accelerator facility has two ion sources, an Alphatros and the
SNICS, with the latter being the most versatile negative ion source for producing heavy ions. In
general, the Alphatros ion source is used to produce H ions as the first step in producing a beam
of protons, while the SNICS can be used to form other heavier singly charged negative ions. In
our experiment a powdered mixture of CaF2 and Ag was used to form the cathode that was
utilized to produce a fluorine beam from the SNICS.
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Figure 4.1. Schematic diagram of the source of negative ions by cesium sputtering (SNICS) used
in the experiment.

The SNICS consists of the cathode, the cesium oven, the ionizer and the extractor as
shown in the schematic diagram in Figure 4.1. The powdered sample containing the element of
the desired beam is pressed in to the small cavity located at the front of the cathode. Cs vapor is
produced by heating the cesium reservoir to approximately 120-1500C and directed into to the
ion source chamber. Some of the Cs vapor condenses and is deposited on the cooled cathode
while other Cs vapor atoms are ionized by striking the internal surface of the hot, conical shaped
ionizer that is maintained at a positive potential. These ions accelerate towards the cathode
which is maintained at a negative potential with respect to the ionizer. Particles of the ion beam
material placed on the cathode are sputtered by bombarding it with Cs ions. The element of the
sample may come out as negative ions, positive ions or neutral atoms. The fractions of the
particles that come out as positive ions and neutral atoms can become negative ions by gaining
electrons from Cs atoms while passing through the condensed Cs layer on the sample. The
desired negative ions produced by this mechanism are ejected out as shown in the diagram due to
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the high voltage applied on the extractor and then directed to the low energy end of the tandem
Van de Graaff accelerator for acceleration to high energy.

4.2

The Tandem Van de Graaff Accelerator
The tandem Van de Graaff accelerator is a device that accelerates charged ions by using a

linear electric field. The maximum terminal voltage of the accelerator at Western Michigan
University is six million volts (6 MV).

Figure 4.2. Schematic diagram of the tandem Van de Graaff accelerator

A schematic diagram of a tandem Van de Graaff facility is shown in the figure 4.2. In the
terminal of the accelerator a cylindrical stainless steel shell in the middle of the tank is charged
to a high positive voltage (a few millions volts) by transferring positive charges to it with the
charging chains in which each conducting link is electrically separated by nylon segments. The
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accelerator tank is pressurized with sulfur hexafluoride (SF6) and CO2 gases, which are used as
the insulating gases to avoid discharging the terminals by sparking. The particles are accelerated
in two stages as implied by the name "tandem". In the first stage the negative ion beam produced
by the ion source is accelerated from the low energy end to the terminal at the middle of the
accelerator. Here electrons are stripped from the ions so that they become positive ions as they
pass through the stripping gas (O2) in the terminal. In general, the beam consists of a mixture of
many charge states after the stripping. For instance, when F is stripped, the mix may contain all
positive ions from F1+ to F9+. The equilibrium charge distribution depends on the atomic number
of the charged ions and the energy of the beam. In the second stage of the acceleration, the
positive ions are pushed towards the high energy end of the accelerator that is maintained at
ground potential. The desired charge state from the mix of ions is separated by a 90 0 analyzing
magnet whose field is generated by current carrying coils. In the experiment we produced a 2.1
MeV/u F9+ beam. The mixture of positive ions of the fluorine at the terminal consists of a high
enough fraction of F7+ so that this charge state could be selected by the analyzing magnet. A thin
carbon foil (about 10 g/cm2), called the post-stripper, removed zero, one, or two electrons from
the F7+ ions and was placed between the analyzing magnet and the switching magnet to select the
desired charge state (F8+ and F9+, in this case). The beam following the post stripping foil
consists primarily of the charge states F7+, F8+, F9+. The switching magnet current can be set to
select the desired beam to send it into the target room.
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4.3

Experimental Setup
Following acceleration, the beam is directed into the beam line with the target gas cell

containing gaseous N2 target as shown in the schematic diagram in Figure 4.3. A Si(Li) detector
is placed at 900 to the beam to observe the x-rays produced in collisions with the N2 target. After
collisions with N2 the beam is separated according its charge states using an analyzing dipole
magnet. Single and double charge capture (Q-1 and Q-2) are detected using two silicon surface
barrier detectors. The beam passing though the target without charge exchange was measured
using a Faraday cup.

Figure 4.3. Schematic diagram of the experimental setup

The N2 gas target is contained in a differentially-pumped gas cell at a constant pressure,
placed as shown in the Figure 4.4. N2 gas is inserted into the gas cell through a small aperture
and it leaks out through the entrance and exit apertures and is pumped away with a turbo pump.
The target pressure was maintained at about 6-8 millitorrs while the pressure outside the gas cell
remained at about 0.1 millitorrs.
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Figure 4.4. Differentially-pumped gas cell placed inside the target chamber

4.4

Si(Li) X-ray Detector
A lithium-drifted silicon detector, so called a Si(Li), was used to observe the x rays

produced in projectile-target collisions. The detection mechanism consists of a crystal of lithiumdrifted intrinsic silicon sandwiched between p-type and n-type silicon layers as shown in the
Figure 4.5. This creates a p-i-n junction. Outermost thin gold layers on both sides of the crystal
provide better electric contacts for the connections. The front gold layer is kept at a high negative
potential with respect to the rear gold layer to provide a negative bias for the crystal. The
incident x rays pass through a thin window as shown in the diagram. The crystal generates
electron-hole pairs upon the arrival of incident x rays and the number of pairs produced is
proportional to the energy of the x-ray photon. This will produce a voltage pulse with an
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amplitude of a few V proportional to the energy of the incident photon. This voltage pulse is
sent to the preamplifier intrinsically connected to the detector for amplification.

Figure 4.5. Schematic diagram of a Si(Li) detector crystal with a Be window

The efficiency of detecting x rays depends on the type and the thickness of the window.
Efficiency curves for different detector windows are shown in Figure 4.6. In the current
experiment two Si(Li) detectors, one with a 13 m (0.5 mil) Be window and the other with a
very thin (0.4 micron) polymer window, were used. As shown in the efficiency curves, the
polymer window allows the passage of x rays with lower energies and this was advantageous in
detecting the F x rays significantly more efficiently in the current experiment.
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Figure 4.6. The Si(Li) efficiencies for detecting x rays with different windows as a function of xray energy. The detector efficiency changes with the window used. For example, the efficiency
of the detection of the x rays of energy 1 keV is about 20% with a 13 m Be window while it is
about 85% with a 0.4 micron Polymer window (from Ref. [61]).

4.5

Silicon Surface Barrier Particle Detectors
Single and double charge exchanged projectile particles were separated according to their

charge states using the dipole analyzing magnet and detected using two silicon surface-barrier
particle detectors [62]. Each detector had an active area and active thickness of 300 mm2 and 100
m, respectively.

4.6

Coincidence Measurement
In general, for collision experiments there is more than one product, and it is important to

isolate and identify specific outcomes of the reaction. To do this, the time correlation between
detection of different collision products can be measured electronically. For example, in the
current experiment F9+ collides with an N2 target and produces x rays due to different reactions
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such as fluorine characteristic x rays and x rays due to REC and RDEC. One can identify the xray events produced due to a single type of interaction, for example due to REC only, using
coincidence methods. This method is more accurate if the detection rate of the products of the
reaction is slow enough so that a large number of accidental coincidences do not occur, which
was the case in the present work.
In this thesis work, NIM (nuclear instrument module) bins and appropriate electronics
modules were used primarily to construct the set up for the coincidence measurements. Each step
of the signal processing done to obtain coincidence spectra for the particles and x rays is
explained.

4.6.1 Linear Gate and Stretcher
The linear gate and stretcher (LGS) accepts shorter duration linear input pulses and
prolongs the duration of the peak value in order to generate signals with a larger width for
applications that have minimum pulse width requirements. The reshaped output signal from this
module is usually provided to a subsequent module, such as an analog to digital convertor, ADC,
(see below), which measures the peak amplitude. This unit also includes a linear transmission
gate input in order to permit selective control of the acceptance of input pulses. The LGS can be
used in a gated, i.e., with the gate signal input, or ungated (normal) mode, i.e., without a gate
signal. In the gate mode, the device generates a gate period by triggering at the leading edge of
the gate signal provided by an external source. The gate period can be set at the front panel by
the user for a value between about 0.5 s to 5 s. The LGS may be operated in coincidence
mode or anticoincidence mode when it is used with an input gate signal. When the LGS is in the
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gated and coincidence mode, the linear signals at its input pass through only if the gate period
overlaps with the peak of the linear input peak. The linear input signal is blocked, otherwise.
.
4.6.2 Analog to Digital Convertor (ADC)
An analog-to-digital convertor (ADC) is a device that generates a digital number as the
output corresponding to the amplitude of the linear signal received as an input. The output
number depends on the pulse height and the number of channels of the ADC. A model CAENV785, the one was used in the experiment, has 4096 (= 212) channels and the input voltage range
is 0-4 V. For example, if it receives a linear pulse with amplitude of 2V it produces and records a
digital number which is equal to the number, (4096 x 2V  4V =) 2048. In fact, this number is
proportional to the energy of the photon (or particle) detected since the amplitude of the input is
proportional to the energy. These stored numbers can be used to make a histogram for the
relevant input events. Basically, there are two types of ADCs according to the mechanism of
determining the pulse height; these are peak-sensing and charge sensing. In the former, the
maximum of the voltage signal is digitized, as in the above example, while in the latter, total
integrated current is digitized.

4.6.3 Time to Amplitude Convertor (TAC)
A time-to-amplitude converter (TAC) converts a time period between two logic signals,
START and STOP, into a linear output signal for which the amplitude is proportional to the time
duration between the START and STOP signals. The output signal is generated only if the STOP
signal is received after the START signal within a preset time window.
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4.6.4 Digital Current Integrator (DCI)
This module digitizes an input current by producing output pulses for specific values of
the input charge. The output of the DCI can be read by using a scalar connected to it. The
function of the DCI is useful in determining the total number of charged particles (projectiles)
colliding with a target during an experiment. The current produced by the beam particles is input
to the DCI and the output pulses are used to determine the total amount of charge associated with
the beam during the data collection period. The total number of charged particles is calculated by
dividing the total charge by the charge of the projectile ion.

4.7

Electronic Setup for the Coincidence Measurements
In the experiment, x-ray energy spectra for the x rays produced in the collision and a

timing spectrum of the particle and x-ray coincidences were obtained. We can distinguish the
events in the x ray energy spectra that correspond to production of events in the timing spectrum,
and vice versa. Specifically, data can be analyzed by setting a window in the particle/x-ray time
spectrum and then sorting the x rays corresponding to events in the window to generate the
corresponding coincidence x-ray spectrum. Similarly, the gate can be set in the x-ray spectrum in
order to sort the particle/x-ray time events associated with the x rays in the selected window. To
do this, data are recorded on the computer in event mode. A schematic diagram of the electronic
setup in order to accomplish these requirements is shown in the Figure 4.8. Although we used
two particle detectors to record single capture and double capture events, only one particle
detector (single capture, Q-1) is shown in the diagram for simplicity.
The small voltage pulse produced upon impact of a particle on the detector is magnified
by a preamplifier connected very close the detector. This signal is used only for timing purposes
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and not for producing an energy spectrum. The output of the preamp is input to a timing filter
amp (TFA). The output of the TFA is input to a constant fraction discriminator (CFD) after
delaying it in order to get an appropriate timing with respect to the x rays. The CFD produces a
standard negative NIM logic signal when the input pulse exceeds the threshold voltage set on the
front panel of the CFD. The discriminator level is chosen in order to eliminate the low energy
electronic noise. This signal then becomes the STOP signal for the time-to-amplitude converter
(TAC).

Figure 4.7. Block diagram of the data acquisition system for the experiment.

The x-ray detector output first goes to the preamplifier, mounted on the x-ray detector
itself, and the output signal is then split into two signals and one is sent to a spectroscopic
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amplifier. A CANBERRA Model-2020 spectroscopic amplifier was used in this experiment. The
preamp signal was split into two with the second one used as input to a TFA to amplify the
signal, following which it was input to a CFD to produce a negative NIM logic signal. This logic
signal was used as the START signal for both Q-1 and Q-2 TACs. When the TAC receives this
signal it opens a gate and waits for a STOP signal. The gate is closed when either a STOP signal
arrives or when the time exceeds the gate period (10 s in this case) set at the front panel. If the
STOP signal comes before 10 s, then the gate is closed and a linear output is produced, for
which the amplitude is proportional to the time difference between the START and STOP
signals. This signal is sent to an analog to an ADC (CAEN peak sensing ADC, model V785) to
analyze the pulse height. This produces an event in the timing spectrum corresponding to its
pulse height. If the TAC module did not receive the STOP signal before the gate is closed, it
produces no output and will reset to receive another START signal.
In addition to the timing spectrum, an x-ray energy spectrum is produced. The unipolar
output signal of the spectroscopic amplifier is used for this purpose. This output is provided as
the linear input for two linear gate stretchers. One LGS is gated and other one is not. The nongated LGS output is sent directly to the ADC for pulse height analysis in order to produce an xray spectrum. This ungated LGS stretches the input pulse before being sent to the ADC to
provide a signal with a longer and flat pulse width. This x-ray spectrum (called the SLOW X)
does not provide information about the x-ray events that correspond to the timing spectrum
events. Instead, this is a reference x-ray spectrum that shows all of the x-ray events
corresponding to the collisions.
In order to obtain information about which x-ray events correspond to the timing spectra,
an x-ray spectrum is produced (called the FAST X) with the gated LGS. The x-ray CFD output
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was sent to an SCA which was used to provide sufficient delay to obtain correct timing. The
output of the SCA then provided the gate signal for the LGS. When a gate signal is received by
the LGS it produces a gate with a certain preset gate period. When the gate signal is high, the
LGS accepts the linear signal provided from the unipolar output of the spectroscopy amplifier.
The linear gate stretcher also reshapes the pulse by stretching it to attain a longer and flatter
pulse for the ADC. The spectrum produced contains events for the x rays having an energy
greater than the threshold determined from the CFD. Since the data are recorded in event mode,
x rays corresponding to TAC events can be sorted in the data analysis.
The ADC accepts inputs provided from the TACs and LGSs, only if the gate signal is
high. The bipolar output signal of the spectroscopy amplifier was processed through an SCA to
provide the gate to the ADC. The discriminator level set on the SCA eliminates low level
electronic noises. The output of the SCA signal was sent to a FIFO to produce two identical
signals. The first signal was processed through a gate and delay generator (GDG) and used as a
gate (strobe) to enable the outputs of all TACs and LGSs, while the second signal was processed
through another GDG and used as input to the WIENER VM-USB interface module that was
connected to the data acquisition computer.
It is necessary to count the number of charge-changed particles (Q-1 and Q-2) and the
total number of projectile particles incident on the target. One of the CFD outputs of Q-1 and one
from Q-2 (not shown in the diagram) are each input to scalars as shown in Fig. 4.8 to count the
number of Q-1 and Q-2 particles detected. Beam that passed though the target with no charge
exchange was incident on a Faraday cup and measured with a Keithley electrometer. This
electrometer gives a 2 V maximum output for the selected full scale of the current. This output
was connected though a 1 M resistor to produce a current that was sent to the input of the
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digital current integrator (DCI). The DCI produces a pulse when it receives a certain amount of
charge (in our experiment it was set to 10-8 C/pulse) and the number of total pulses are recorded
with a counter. The number of beam particles incident on the Faraday cup can then be calculated
using the total number of DCI counts, the DCI settings and the charge of the beam particles.

4.8

Determination of the Cross Sections for the Gas Target
In the current experiment, a gas target was used and the collision can happen at any point

between the entrance and the exit of the gas cell (Figure 4.4). The differential cross section for
RDEC and REC processes can be calculated using the equation 4.1.


Here,

(4.1)



is the total number of incident particle and

REC or RDEC events observed in the experiment. The term
the gas target given in the units of molecules/ cm2, where

is the number of F K x,
represents the thickness of
is the number of target gas

molecules (or atoms) per unit volume per unit pressure and is equal to
molecules/cm3/mTorr and L and P are the length of the gas cell and the pressure of the gas target
in cm and mTorr, respectively. The solid angle ( ) subtended by the x-ray detector is different
for collisions along the projectile beam inside the gas cell and has a maximum value at 900. The
average solid angle associated with the each detector can be calculated as explained in Appendix
A. The number of events observed in the experiment depends on the x-ray detector efficiency
(

for the detected photon energy and can be determined using the graph shown in Figure 4.6.
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X-ray emission for REC has a

angular dependency and it is assumed that RDEC

has the same angular distribution. Therefore, the total cross section for both REC and RDEC can
be obtained from,
(4.2)


and this yields,

(4.3)



According to equation 4.3, the total cross section for REC or RDEC can be determined
by multiplying the corresponding differential cross section by the factor 8/3. In the experiment,
only the differential cross sections are measured. The total cross sections must be calculated
from this formula.
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CHAPTER
CHAPTER5V

DATA ANALYSIS

The primary goal of this dissertation work is to observe the RDEC process for a fullystripped projectile colliding with a gas target, in this case for F9+ ions incident on N2, and to
compare the cross sections with the existing experimental results for a carbon foil target and with
theoretical calculations. In addition to F9+, data for F8+ projectiles were taken to look for
differences in the number of events observed in the regions of interest (REC and RDEC) in the
resulting x-ray spectra, which would yield different total REC and RDEC cross sections, as
expected. The existence of an electron in the K shell of F8+ prohibits some of the RDEC electron
transitions. For instance, two electrons from the target cannot be captured to the K shell of F8+,
and therefore the total number of RDEC events should be less compared to the one obtained with
F9+ projectiles. Similarly, the production of K-REC x rays is expected to be lower by about a
factor of two for F8+ than for F9+.
In the work done here, the data were taken with two different Si(Li) x-ray detectors at
different times and one had a crystal area twice as large as the other. One Si(Li) detector (the
CANBERRA) was cooled with liquid nitrogen and the effective detection area of the crystal is
~60 mm2. The other Si(Li) detector (the AMPTEK) had a smaller area of 30 mm2 and was able
to operate at the room temperature, without using liquid nitrogen, since it was cooled by a built
in 2-stage thermoelectric cooler. The data taken with both detectors are reported here.
In this chapter, analysis of data mainly includes the determination and the comparison of
the REC and RDEC cross sections of the data collected using the two detectors for the different
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projectile charge states, F9+ and F8+. RDEC photons can be emitted due to the transition of target
valence (V) electrons or K electrons to the projectile K or L shells and the six possible transitions
are listed in Table 3.1 in Chapter 3. However, the two transitions KV  KK and KV  KL do
not contribute much to the total RDEC due to the small correlation of the target electrons in
different (K and V) energy levels [52]. Hence, the cross sections for four major transitions of
RDEC (VV  KK, VV  KL, KK  KK and KK  KL) are determined.
Analysis of coincident data can be done in two ways as shown in the example in Figure
5.1. A gate condition can be applied to the TAC spectrum (the spectrum associated for the time
difference between the x-ray and particle signals) of panel (a) to generate x rays as seen in Figure
5.1 (b) associated with the chosen gate region. The resulting spectrum is referred as a TAC gated
x-ray spectrum. In this example, the gate on the Q-2 TAC spectrum has been applied to generate
the x-ray spectrum associated with the double captures. Similarly an x-ray spectrum associated
with single capture can be generated by applying a gate on the Q-1 TAC spectrum. On the other
hand, the gate condition can be applied to the x-ray spectrum shown in panel (c) and the
corresponding TAC spectrum in panel (d) can be produced. This is called an x-ray gated TAC
spectrum. The x-ray gated TAC spectrum associated only with single charge exchange Q-1 is
shown in the figure. A similar spectrum can be obtained for the double charge exchange Q-2
TAC spectrum. If a peak structure is visible in each TAC spectrum, there is a time correlation
between the detection of x rays and singly or doubly captured projectile ions detected by the
particle detectors shown in the Figure 4.4 in Chapter 4. Both methods, sorting x-ray events by
applying gates on the TAC spectra and sorting TAC events by applying gates on the x-ray
spectra, were employed in the data analysis to determine if the results of both analyses were
consistent with one another.
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Figure 5.1. Two methods of analyzing coincident data taken in the experiment by applying gates
on the TAC spectra or the x-ray spectrum. A gate on the Q-2 TAC spectrum shown in panel (a)
is applied to generate the x-ray spectrum associated with it as shown in (b). Similarly, a gate on
the x-ray spectrum shown in panel (c) can be applied to generate the Q-1 TAC events associated
with it as shown in (d).

The x ray spectra obtained for both F9+ and F8+ projectiles using the two detectors, are
analyzed in the following section. Next, the TAC gated x-ray spectra and the x-ray gated TAC
spectra are analyzed in order to determine the REC and RDEC cross sections.
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5.1

FAST X-ray Spectra Analysis
In the experiment two x-ray spectra (gated and non-gated) are generated as explained in

Chapter 4, Section 4.7. The x rays processed through the gated LGS are called FAST X by
convention.
FAST x rays obtained during the experiment using the 30 mm2 detector are shown in
Figures 5.2. The three histograms on the left and right of the figure show the spectra obtained for
F9+ and F8+ projectiles, respectively. The number F9+ particles incident on the target is 1.50 x
1012 while for F8+ it is 1.16 x 1012. The red dotted line in the panel (b) shows the F8+ histogram
normalized to the same number of F9+ particles. The histograms (a) and (b) show F K x rays and
Al K x rays. F K x rays are produced when an electron is captured to the L- or higher shell and is
transferred to the K shell. The energies of these x rays are given in Table 5.1 [63]. Two separated
peaks for F K and F K and higher shell x rays can be seen for the F9+ projectile while the two
peaks are partially merged in the F8+ x ray spectrum.
Table 5.1. Energies of the F K x-ray lines of F8+ and F7+ (associated with incident F9+ and F8+
projectiles, respectively) are listed. The energy values are taken from the NIST (National
Institute of Standards and Technology) database [63].
X-ray emission line
Energy (eV)
F8+ K
F8+ K
F7+ K
F7+ K

827.3
980.6
731.2
856.5

The Al x rays seen in the histograms are likely produced when the scattered projectile
beam at the entrance of the gas cell strikes the Al frame of the x ray detector used. Data taken in
the absence of the target gas (no-gas spectra) can be used to remove most of this Al line. The nogas data were normalized to the same number of incident particles collected with the target gas
and the resulting histograms are shown in (b) and (e) in Figure 5.2. The Al peaks in the
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normalized no-gas histograms appeared at the same position and they have about the same
magnitudes as the histograms (a) and (d). These normalized histograms were subtracted from (a)
and (d) in order to the determine number of x rays produced due to the gas target only and the
histograms are shown in (c) and (f).
According to the histogram of figure 5.2 (a) and the red dotted line in the histogram of
(b), there are about an order of magnitude more F K x ray events in the F9+ spectra than the F8+
spectra. In other words, the F9+ projectile produces about an order of magnitude more x rays than
the F8+ projectile for the same number of incident projectile particles. This may be due to
difference in the charge of the projectiles and the fact that there are two K vacancies in F9+ while
only one K vacancy in the F8+ ion. In addition, F8+ K and F8+ K x rays have higher energies
than F7+ K and F7+ K x rays, respectively, and the detection efficiencies of F8+ K and F8+ K
x rays are higher about a factor of two according to the efficiency curve of the x-ray detector
shown in Figure 4.6 in Chapter 4.
The FAST x-ray spectra obtained using the 60 mm2 detector for F9+ (1.48 x 1012 incident
particles) and F8+ (1.52 x 1012 incident particles) are shown in Figure 5.3. Unlike the histogram
for 30 mm2, there is no evidence for Al x rays. The data without the target gas were taken to see
if any x rays are produced in the absence of the target. As can be seen in the normalized no gas
histograms, (b) and (e), there are only a few F K x rays compared to the histograms (a) and (d).
These are due to collisions of the projectiles with residual gas (mostly air) molecules that remain
inside the gas cell at the vacuums used.
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Figure 5.2. FAST x-ray spectra collected using the 30 mm2 detector. The three panels on the left
show the spectra obtained for F9+ data while the three panels in the right show the spectra
obtained for F8+ data. The red dotted line in panel (b) shows the F8+ histogram normalized to the
same number of incident F9+ particles.
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Figure 5.3. FAST x-ray spectra collected using the 60 mm2 detector. The three panels on the left
show the spectra obtained for F9+ projectiles while the three panels on the right show the spectra
obtained for F8+projectiles.
For the data collected using the 30 mm2 detector and 60 mm2 detector, the number of x
rays in the F peak for F8+ projectiles is about a factor of 10 and 5 less than that produced by the
F9+ projectiles, respectively. The factor is greater for the 30 mm2 detector since the detector
efficiency for F x rays for F8+ is about half that for F9+ for the 30 mm2 detector, while they have
about the same efficiency for the 60 mm2 detector for F x rays for F8+ and F9+, according to the
Figure 4.6.
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5.2

TAC Gated X-ray Spectra Analysis

5.2.1 Data Collected Using the 60 mm2 X-ray Detector for F9+ and F8+ Projectiles
TAC gated x-ray spectra generated for the F9+ projectiles for the data collected using the
60 mm2 x ray detector are shown in Figure 5.4. The histograms (a) and (d) show the TAC
(timing) spectra of double and single capture obtained in the experiment for F9+ projectile. The
peak in each of these spectra is due to the time correlation between detection of x rays and
particles. Background events in both Q-2 and Q-1 spectra can also be seen. In order to determine
the x rays associated with these peaks and backgrounds, gates shown in (a) and (d) were applied
to cover each peak. The resulting spectra are shown in panels (b), (c), (e) and (f). The number of
background counts associated with each region was determined by subtracting the number of
counts of TAC gated x-ray spectrum corresponding to Gate-1 from the number of counts of the
TAC gated x-ray spectrum corresponding to Gate-2. The number of background counts
normalized to the number of background channels was subtracted from each REC and RDEC
regions to obtain the number of events associated with those regions. Most of the x rays in both
the Q-2 and Q-1 histograms belong to the F K x rays. The entire F K x ray peaks are not shown
in the histograms due to the REC and RDEC regions being expanded to show these x rays. X
rays due to REC can be seen in both of the single capture and the double capture spectra. There
are two possibilities to produce these latter events. The projectile associated with a REC event
may capture a second electron nonradiatively, or perhaps radiatively, before it reaches the dipole
magnet that separates the beam charge components after the capture. But this is less likely to
happen either inside the gas cell or outside the gas cell since the target pressure was chosen to
ensure the single collision conditions and a good vacuum was maintained in the beam line. The
other possibility to see these events is capture of two electrons with the emission of at least one
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REC photon, in a single collision. In other words, two electrons can be captured by emitting two
REC photons (known as DREC, i.e., double radiative electron capture) or one electron can be
captured radiatively while other is captured nonradiatively.

Figure 5.4. Spectra for the data collected with the 60 mm2 detector for F9+ projectile. Double and
single capture TAC spectra are shown in (a) and (d), respectively. The TAC gated x-ray
spectrum associated with each of the gate peaks for double and single capture are shown in
panels (b), (c) and (e), (f), respectively.
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TAC gated x-ray spectra for the F8+ projectiles were also generated for the data collected
using the same 60 mm2 x ray detector and are shown in Figure 5.5. The x ray spectra associated
with F8+ projectiles are expected to have fewer events in the REC and RDEC regions compared
to the spectra for F9+ projectiles. The total number of events associated with REC and RDEC
regions for the two projectiles are shown in the Table 5.2. The total number of events in the REC
region for F8+ is about three times smaller than that of F9+, whereas the total number of events in
the RDEC region for F8+ double capture spectrum is about four times smaller compared to that of
the F9+ double capture spectrum.
Table 5.2. The number of events associated with REC and RDEC regions of the double and
single capture TAC gated x-ray spectra for 60 mm2 detector.
REC events
RDEC events
Projectile
In Q-1 channel
In Q-2 channel
Total
Total in region
9+
F
2582
690
3272
64
F8+
897
71
968
16
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Figure 5.5. Spectra for the data collected with the 60 mm2 detector for F8+ projectile. Double and
single capture TAC spectra are shown in (a) and (d), respectively. The TAC gated x-ray
spectrum associated with each of the gate peaks for double and single capture are shown in
panels (b), (c) and (e), (f), respectively.
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5.2.2 Data Collected Using the 30 mm2 X-ray Detector for F9+ and F8+ Projectiles
TAC gated x-ray spectra generated for the F9+ and F8+ projectiles for the data collected
using the 30 mm2 x-ray detector are shown in Figures 5.6 and 5.7, respectively. Panels (a) and
(e) of each figure show the double and single TAC spectra as well as the gate positions chosen
for the peaks and backgrounds regions for sorting the data. It can be seen that the TAC peaks in
these spectra are considerably broader compared to the TAC peaks obtained with the 60 mm2
detector. This is due to the inherently poorer time resolution of the partially cooled 30 mm 2 x-ray
detector. The sorted x-ray spectra associated with the TAC peak, panels (b) and (f), and the
background regions, panels (c) and (g), are also shown in each figure. Panels (d) and (h) are the
x-ray spectra obtained after the background spectra are subtracted from the preceding peak
generated spectra. As can be seen, the Al K x ray peak appears in the REC range in each
spectrum.
The number of events in REC and RDEC regions are shown in the Table 5.3. REC events
appear in both the single and double capture spectra, while RDEC events only register in the
double capture spectrum.
Table 5.3. The number of events associated with the REC and RDEC regions of the double and
single capture TAC gated x-ray spectra for the 30 mm2 detector.
REC events
RDEC events
Projectile
In Q-1 channel
In Q-2 channel
Total
Total in region
F9+
1983
345
2328
73
F8+
411
35
446
10
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Al Kx

Al Kx

Figure 5.6. Spectra resulting from the data collected with the 30 mm2 detector for F9+ projectile.
Panels (a) and (e) show the TAC spectra for double and single capture, respectively, and the
gates used to generate the following x-ray spectra. For double capture, the Q-2 TAC gated x-ray
spectrum associated with the TAC peak region, the background x-ray spectrum associated with
the indicated region, and the difference between the two are shown in panels (b), (c) and (d),
respectively. Similar TAC gated x-ray spectra are shown in panels (f), (g) and (h) for the single
capture. The Al K x ray peak can be seen just below the REC region.

59

Figure 5.7. Spectra for the data collected with 30 mm2 detector for F8+ projectile. Panels (a) and
(e) show the TAC spectra for double and single capture, respectively, and the gates used to
generate the following x-ray spectra. For double capture, the Q-2 TAC gated x-ray spectrum
associated with the TAC peak region, the background x-ray spectrum associated with the
indicated region, and the difference between the two are shown in panels (b), (c) and (d),
respectively. Similar x-ray spectra are shown in panels (f), (g) and (h) for the single capture. The
Al K x ray peak can be seen just below the REC region.
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5.3

X-ray Gated TAC Spectra Analysis

5.3.1 Data Collected Using the 60 mm2 X-ray Detector for F9+ and F8+ Projectiles
Figure 5.8 shows the x-ray gated TAC spectra for double capture in panels (a) and (b)
and for single capture in panels (c) and (d) for the F9+ projectile. In order to produce these
spectra, two gates corresponding to the REC energy region and the RDEC energy region,
respectively, were assigned in the FAST x-ray spectrum as shown in the Figure 5.9. As can be
seen in the histogram of panel (a) a peak structure in the double capture channel for the RDEC
region, on a constant background, was obtained. The peak structure is due to RDEC and the
cross section can be calculated using the number of counts making up this peak. The TAC
spectrum associated with single capture for the same RDEC window was generated and shown in
Fig. 5(c). This is quite different from the one obtained for the double capture and there is no
distinct peak structure. Panels (b) and (d) show double and single capture TAC spectra
associated with the REC gate region in the FAST x-ray spectrum with definite peaks appearing
in both spectra. The peak in panel (d) corresponds to REC events registered in coincidence with
the single capture projectile ion, where most of these events would be expected to occur. Also,
REC events have been registered in the double capture channel as seen in the panel (b). This is
due to the two possibilities as discussed in 5.2.1. The sum of the counts in (b) and (d) was taken
in the calculation of REC cross section.

61

Figure 5.8. X-ray gated TAC spectra obtained for the F9+ projectile with the 60 mm2 detector.
The peak and the background regions (BG1 and BG2) are labeled in each diagram. The number
of counts associated with each region are shown in the parenthesis.

Figure 5.9. Spectrum showing the gate positions on the FAST x rays for both REC and RDEC
that were applied to produce the histograms shown in the Figure 5.8. The inset is the expanded
histogram in the y axis direction in order to see the x ray distribution in the regions where the
gates have been applied.
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In order to determine the number of counts belonging to the peaks in each spectra, a
region containing the entire peak was chosen as shown in panel (a). The number of background
counts per channel was obtained by integrating two wide ranges on both sides of the peak
showing a flat background and then dividing by the number of channels to determine the
background counts per channel. This number was multiplied by the number of channels in the
peak region to determine the number of background counts associated with the peak region. The
number of counts obtained this way are tabulated in Table 5.4.
Table 5.4. The number of RDEC an REC counts for F9+ projectiles associated with the peak
regions and the number of counts in the background.
Spectrum
Peak Counts
Background Counts
Q-2 TAC RDEC
95
25
Q-1 TAC RDEC
No peak structure observed
Q-2 TAC REC
763
72
Q-1TAC REC
2813
258
Using the same procedure, x-ray gated TAC spectra for the F8+ projectile data taken with
the 60 mm2 detector were generated and are shown in Figure 5.10. The gates applied on the
FAST x-ray spectrum are shown in Figure 5.11. The RDEC gate applied on the F8+ x rays
spectrum is narrower than that of F9+ spectrum. This is because of the narrower RDEC energy
range for F8+ projectiles since both electrons are not allowed to transfer to the K shell due to the
one electron already present there. Similar to the x-ray gated TAC spectra observed for the F9+
projectile, there are peak structures in the spectra shown in panels (a), (b) and (d) in Figure 5.10.
There is no clear peak in the single capture TAC spectra associated with the RDEC region of the
FAST x-ray spectrum shown in panel (c), as expected. But there are events in both single and
double capture TAC spectra associated with the REC region.
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Figure 5.10. X-ray gated TAC spectra obtained for the F8+ projectile with the 60 mm2 detector.
Peak and background regions are labeled in each diagram. "BG1" and "BG2" denote the two
background regions. The number of counts found in each region are shown in the parenthesis
next to the labels.

Figure 5.11. The gate positions on the FAST x-ray spectrum applied to produce the histograms
shown in Figure 5.10. The RDEC gate is narrower compared to the RDEC gate for F9+ projectile
that included the VV-KK transition but is not allowed in F8+. The inset is an expanded histogram
for the y axis showing the x ray distribution in the region where the gate has been applied.
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The total number of events found in the peak regions and the background regions, with
the same size as the peak regions, of each spectra are shown in the table 5.5.

Table 5.5. The number of RDEC an REC counts associated with the peak regions and the
number of counts in the background region for F8+ projectiles.
Spectrum
Peak Counts
Background Counts
Q-2 TAC RDEC
16
4
Q-1 TAC RDEC
No peak structure observed
Q-2 TAC REC
87
12
Q-1TAC REC
928
58

The total number of REC and RDEC events (after background subtraction) in each
spectrum for F9+ and F8+ and the corresponding differential (at 900) and total cross sections are
listed in Table 5.6. REC events associated with single and double capture were added together to
get the total number for these events. According to the numbers in Table 5.5, about 20% of the
REC events occur in the double capture TAC spectrum for F9+ while there are about 10% for F8+.
The differential and total REC and RDEC cross sections were calculated, using equations 4.1 and
4.3, respectively, for both F9+ and F8+ projectiles and shown in Table 5.6.
Table 5.6. Total number of RDEC and REC events (after background subtraction) for the F9+
and F8+ data collected with the 60 mm2 detector. The calculated total RDEC and REC cross
sections are given in b/atom.
Total number
Differential cross section
Total cross section
0
of
counts
at
90
(b/atom/sr)
(b/atom)
Projectile
RDEC REC
RDEC
REC
F9+

70

3246

0.30  0.17

14.0  8.8

2.5  1.4

118  74.3

8+

12

945

0.05  0.03

4.0  2.6

0.42  0.25

33.5  21.4

F
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5.3.2 Data Collected Using 30 mm2 Detector for the F9+ Projectile
The x-ray gated TAC spectra for the data collected using the 30 mm2 detector for F9+
projectiles are shown in the Figure 5.12. The gates applied on the FAST x-ray spectra are shown
in Figure 5.13. The histograms in panel (a), (b) and (d) show peak structures but they are broader
, compared to the peak structures observed histograms for 60 mm2 detector and this may be due
to the poor time resolution in 30 mm2 detector. Again there is no real evidence for a peak in
panel (c). As can be seen in Figure 5.13, Al peak is appeared in the REC region.

Figure 5.12. X-ray gated TAC spectra obtained for the F9+ projectile with the 30 mm2 detector.
The peak structures in (a), (b) and (d) are broader compared to the peaks in the spectra obtained
with the 60 mm2 detector due to the inherent poorer time resolution of the 30 mm2 detector.
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Figure 5.13. REC and RDEC gates applied to the FAST x-ray spectrum to produce the
histograms shown in Figure 5.12. The Al K x ray peak can be seen just below the REC region.
The inset is the expanded histogram for the y axis showing the x rays in the region where the
gate has been applied.
Table 5.7. The numbers of RDEC an REC counts for F9+ projectiles associated with the peak
regions and the number of counts in the background.
Spectrum
Peak Counts
Background Counts
Number of counts after
background subtraction
Q-2 TAC RDEC
81
14
67
Q-1 TAC RDEC
No peak structure observed
Q-2 TAC REC
646
76
570
Q-1TAC REC
3561
282
3279

The total number of counts associated with RDEC and REC were found to be 67 and
3849, respectively, according to the number of events listed in the Table 5.7. The RDEC and
REC cross sections calculated based on these number are listed in Table 5.8. The REC cross
section found here (204  141 b/atom), for F9+ projectiles, is about 1.7 times greater than the one
found with the 60 mm2 detector (118  74.3). This is due to the number of events found in REC
region for 30 mm2 detector may contain some events due to Al K x rays appeared just below the
REC region.
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Table 5.8. Total number of RDEC and REC events (after background subtraction) for the F9+
data collected with the 30 mm2 detector.
Total number
of counts
Projectile
RDEC REC
F9+

67

3849

Differential cross section
at 900 (b/atom/sr)
RDEC
REC
0.38  0.22

24.4  16.8

Total cross section
(b/atom)
3.2  1.9

204  141

The RDEC cross section for 30 mm2 detector was determined to be 0.62  0.38 b/atom
using the number of RDEC events (10 events) found in the TAC gated x-ray spectrum in Figure
5.7 (d). This is about a factor of 1.5 greater than the RDEC cross section found using 60 mm2
detector.
The Sommerfeld constant ( ) for the collision system in the current experiment was
calculated to be 0.99, using the equation 3.14. Hence, the theoretical value of K-REC cross
section determined to be 670 b/atom, using equations 3.12 and 3.13. This value is a factor of
about 5.6 and 3.3 greater than the experimentally determined values using 60 mm2 detector and
30 mm2 detector, respectively.

5.4

X-ray Spectrum Associated with RDEC TAC Peak
In section 5.3.1, two gates associated with the REC and RDEC regions were applied to

the FAST x-ray spectrum (Figure 5.9) obtained with 60 mm2 detector to generate x-ray gated
TAC spectra for double and single capture. In the case of x-ray gated TACs associated with
double capture, peak structures were observed in the spectra corresponding to the REC and
RDEC regions (panels (a) and (b) in Figure 5.8). Similarly, a gate was applied to cover the F K x
peak in the FAST x-ray spectrum and the corresponding x-ray gated TAC spectrum was
generated. A peak structure was observed in the resulting spectrum similar to peaks obtained for
REC and RDEC gates. In fact, the peak positions associated with these different x rays are
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shifted relative to one another as seen in Figure 5.14. This is due to the F K x, REC and RDEC
signals reaching the discriminator level of the CFD (refer to Figure 4.7) at different times due to
their significant differences in pulse height. According to the Figure 5.14, the peak related to F K
x rays is about two and three orders of magnitude greater than REC and RDEC peaks,
respectively. Thus, it can be concluded that the peaks in the TAC spectra obtained in the
experiment consist of three components corresponding to RDEC, REC and F K x rays.

RDEC

REC

F Kx

Figure 5.14. X-ray gated TAC spectra (for double capture) associated with RDEC, REC and the
F-peak regions are shown in panels (a), (b) and (c). The TAC peak position is shifted as the
energy of the x rays increases.

In order to determine the x-ray spectra related to RDEC, five gates were applied on the
TAC spectrum to cover different parts of the peak as shown in Figure 5.15.
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Figure 5.15. Gate positions were applied to cover different parts of the TAC peak. The letter P
denotes the height of the TAC peak.
Gate 1 = ch. 700-1170 (covers first half of the peak)
Gate 2 = ch. 1170-1500 (covers second half of the peak)
Gate 3 = ch. 1238-1500 (covers 1/2 of the peak height)
Gate 4 = ch. 1265-1500 (covers 1/4 of the peak height)
Gate 5 = ch. 1283-1500 (covers 1/8 of the peak height)

The x rays generated by Gate1 consisted mostly of F K x rays and it contains about half
of the total F x rays. TAC gated x ray spectra associated with the Gates 4 and 5 are shown in
Figure 5.16 and three distinct peaks can be recognized in the RDEC region. These three peaks
are associated with the different possible transitions of the two electrons that produce RDEC
photons. These peaks could not be seen (Figure 5.4) when the gate was applied to the entire TAC
peak for the Q-2 TAC spectra.
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Figure 5.16. Coincidence x ray spectra associated with double capture by F9+ ions. Three peak
structures can be seen in the RDEC range. Gate 4 was applied on the double capture TAC
spectrum starting at one-quarter the height of the TAC peak on the high time side to obtain the
spectrum shown in panel (a), while Gate 5 was set on the double capture TAC spectrum starting
at one eighth the height on the long time side to generate the spectrum shown in panel (b). The
red vertical lines show the expected peak positions for four different RDEC transitions and two
K-REC transitions .

There are a total of 71 and 64 RDEC events attributed to histogram (a) and (b) in Figure
5.16. In the x-ray gated TAC spectra analysis, 70 counts were found to be RDEC events (refer to
Table 5.6.). This implies that panel (a) in Figure 5.16 shows all the RDEC events in the region of
interest. Thus, the number of RDEC counts obtained for the KKKL, KKKK plus VVKL
and VVKK are 37, 19 and 15 respectively. The peak positions of KKKK and VVKL are
very close to each other for this collision system (2.1 MeV/u F9+ + N2) according to Table 3.1
and as a result the number of counts associated with each transition cannot be separated.
In the case of F8+ projectiles, KKKK and VVKK transitions are not allowed since
there is only one K-shell vacancy. Therefore, the total number of RDEC counts consists only of
the KKKL and VVKL transitions. In order to determine the number of events due to each
transition, two gates were applied in the FAST x spectrum and the corresponding x-ray gated
TAC spectra for double capture were generated. The applied gates and the generated spectra are
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shown in the Figure 5.17. The gate corresponding to the KKKL transition is about 2 times
greater than the gate related to VVKL transitions. This is due to the broader Compton profile
of tightly bound K electrons compared to the lightly bound valence electron.

Figure 5.17. The gates applied to the FAST X spectrum for the KK-KL and VV-KL transitions in
panel (a) for the data collected with the 60 mm2 detector for F8+ projectiles and the resulting xray gated TAC spectra in panels (b) and (c), respectively.

The number of events (after background subtractions) due to KKKL transitions and
VVKL transitions are 9.25 and 2.5 for the F8+ projectile, respectively, giving a KKKL to
VVKL ratio of 3.7:1. For these limited statistics, assuming that the same ratio exists between
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KKKL and VVKL transitions for F9+ projectile, the number of events associated with each
of the four transitions can be determined. Table 5.9 shows the number of events associated with
each transition for the F8+ and F9+ projectiles, assuming the same ratio holds. The calculated
cross sections are also shown with their uncertainties.
Table 5.9. The number of RDEC events associated with each of the transitions and the calculated
total RDEC cross sections.
Number of events after
Differential RDEC
Total RDEC cross
Transition
background subtraction
cross section
section
(mb/atom/sr)
(b/atom)
37
F9+ KKKL
159  91
1.3  0.74
9+
9
F KKKK
38.7  21.8
0.32  0.18
10
F9+ VVKL
43.0  25.1
0.36  0.21
9+
15
F VVKK
64.5  37.0
0.54  0.31
8+
9.25
F KKKL
38.7  22.98
0.32  0.19
2.5
F8+ VVKL
10.5  5.38
0.09  0.05

Based on the calculated total RDEC cross sections for each transition listed in the Table
5.10, the total KL-RDEC cross section and the KK-RDEC cross section are found to be 1.7  1.0
and 0.86  0.44 b/atom, respectively. The corresponding cross sections found for the two
experiments for the collision systems 2.38 MeV/u O8+ + C and 2.21 MeV/u F9+ + C are listed in
Table 5.10, along with the present results for 2.11 MeV/u F9+ + N2.
Table 5.10. Comparison of measured total RDEC cross sections with the 2.38 MeV/u O8+ + C
and 2.21 MeV/u F9+ + C experiments.
2.11 MeV/u F9+ + N2 (60 mm2 detector)
2.11 MeV/u F9+ + N2 (30 mm2 detector)
2.38 MeV/u O8+ + C [20]
2.21 MeV/u F9+ + C [21]

The total RDEC cross section

1.7  1.0
--2.3  1.3
4.5  1.8

0.86  0.44
--3.2  1.9
4.6  2.8

2.5  1.4
3.2  1.9
5.5  3.2
9.1  4.6

found in the current experiment, for 60 mm2

detector, is about two times and four times smaller, respectively, than the cross sections found
for 2.38 MeV/u O8+ + C and 2.21 MeV/u F9+ + C collisions. In addition, the cross section ratio
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for the current experiment is 1.9 while the ratio for 2.38 MeV/u O8+ + C
and 2.21 MeV/u F9+ + C are 0.72 and 0.96. The contribution from KL-RDEC to the total RDEC
in the current experiment is greater. In the case of 30 mm2 detector, the total RDEC cross section
found in the current experiment is about 1.7 times and 2.8 times smaller, respectively,
than the cross sections found for 2.38 MeV/u O8+ + C and 2.21 MeV/u F9+ + C collisions.
The cross section ratios

,

, and

predicted by the theories [25,26] for bare projectile ions can be calculated using the equations
(3.16), (3.17), (3.23) and (3.24). These theoretical cross sections along with the experimental
cross sections are tabulated in Table 5.11.
Table 5.11. Measured and calculated RDEC/REC cross section ratios
,
, and
. The abbreviations Mik, Yak, Nef and
Exp stand for Mikhailov, Yakhontov, Nefiodov and experiment, respectively.
R3
R1 ( 10-6)
R2 ( 10-6)
Ep
Zp
Zt
Mik
Yak
Exp
Nef
Exp
Nef
Exp
(MeV/u)
18
6
11.4
0.84
9
3.6
3.1
2
-0.63
-92

18

297

0.84

0.023

0.001

--

0.0006

--

0.63

--

8

6

2.38

0.82

454

208

7400
 3700

99

5300
 2700

0.70

0.72
 0.07

9

6

2.21

0.96

503

115

8500
4100

138

8700
 4400

0.90

0.96
 0.70

9

7

2.11

0.99

376

115

7300
 5900

123

14000
12000

0.91

2.0
 1.6

The cross sections calculated with the most recent theoretical work [29] are shown in
Figure 5.18 along with the experimentally determined values. The theory calculated the cross
sections using two methods, the A-model and K-model. In the A-model all the electrons in the
target are considered while the only K electrons were considered in K-model. The open blue and
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purple circles represent the predicted values for A-model and K-model, respectively. The blue
solid circles show the measured cross sections for experiments [20] and [21]. The solid squares
represent the upper bound cross sections determined from experiments [18] and [19]. The total
RDEC cross sections obtained in the current experiment, for both F9+ and F8+ projectiles, are
shown by the red solid circles.

Figure 5.18. Comparison of experimentally obtained total RDEC cross sections with the
theoretically predicted values by Mistonova and Andreev [29]. Blue and purple open circles
show the values predicted by the theory for A-model and K-model, respectively. The blue and
purple lines are drawn to guide the eye for the theoretical values. The solid squares are upper
bounds determined from previous experiments [18,19] and the blue solid circles represent the
experimentally measured values in the C foil target experiment [20,21]. The red and green solid
circles show the cross sections determined from the current experiment for F9+ and F8+
projectiles for the 60 mm2 detector and 30 mm2 detector, respectively.
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CHAPTER 6VI

CONCLUSION
CONCLUSION

The primary goal of this dissertation work was to establish the existence of radiative
double electron capture (RDEC) of fully-stripped ions in collisions with a gas target and to
compare the results with those of previous experiments. In the current work, measurements for
2.11 MeV/u F8+ + N2 collisions system were conducted and compared with the experiments done
for a C foil target [20,21] and with the available theoretical predictions. The experiment was
carried out at the tandem Van de Graaff accelerator facility at WMU.
The total RDEC cross sections for the current work were found to be 2.5  1.4 b/atom
and 3.2  1.9 for the two detectors (60 mm2 and 30 mm2, respectively) used in the present work.
For the 60 mm2 detector, this value is a factor of about 2.2 and 3.6 times smaller than the total
RDEC cross sections obtained for the thin-foil carbon targets used in the experiments for 2.38
MeV/u O8+ and 2.21 MeV/u F9+ projectiles. The cross section ratio
determined in the current experiment (2.11 MeV/u F8+ + N2) was found to be about the same as
the ratio determined for the 2.38 MeV/u O8+ + C and 2.21 MeV/u F9+ + C experiments.
However, the ratio

is a factor of 2.6 and 1.6 greater compared to 2.38

MeV/u O8+ + C and 2.21 MeV/u F9+ + C, respectively. The ratios
found in 2.38 MeV/u O8+ + C and 2.21 MeV/u F9+ + C experiments are smaller than unity while
the value obtained in the current experiment is greater than unity. In comparison with the
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theoretically calculate values, the ratio

obtained in the present

experiment is about 20 and 60 times greater than Mikhailov et al. [25] and Yakhontov and
Amusia

[23],

respectively.

The

calculated

ratios

and

, are factors of about 110 and 2.2 greater than the Nefiodov et al. [26]
calculations. The ratio between the total RDEC to total REC,

, in the current

experiment was found to be about 0.02 and 0.01 for F9+ and F8+ projectiles, respectively,
according to the results obtained with 60 mm2 detector data.
As a summary, the current experiment was able to show the RDEC process in collisions
of fully-stripped ions with a gas target. The cross sections measured for the N2 targets are smaller
by at least a factor of two compared to the cross sections measured with a carbon foil in the
previous experiments. In comparison with the foil targets, considerably longer counting times are
required for gas targets. However, it is advantageous to take measurements with gas targets
since they are contaminant free. Also, the multiple collision effects of carbon foil targets are
avoided due to the single collision condition with gas targets. Further investigations of RDEC
should be carried out to establish the discrepancies found between the theories and experiments,
and particularly measurements should be done for considerably heavier fully-stripped projectiles
than the fluorine done here.
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APPENDIX A
CALCULATION OF AVERAGE SOLID ANGLE

During this experiment, projectile ions collide with the gas target at any point along the
beam, between the entrance (P) and the exit (Q), inside the gas cell as shown in the Figure A.1.
A value for the average solid angle associated with the collisions can be calculated as shown
below.

Figure A.1. Geometrical representation of the detector and the projectile beam inside the gas cell.
The perpendicular distance from the beam to the detector is
.
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The solid angle subtended by the detector at 900 can be written as,
(A.1)



The solid angle associated with a collision at point X,

(A.2)



(A.3)



(A.4)



This expression can be written in terms of

by substituting,

and

.
(A.5)



The average solid angle between

for the two detectors (60 mm2 detector

to

and 30 mm2 detector) was computed using the software Python and the values are shown in the
Table A.1.

Table A.1. The average solid angle for the two detectors used in the present work.

60 mm2 detector
30 mm2 detector


0.17
0.13

6
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